Introduction
Many important diseases of winter wheat such as Leaf Blotch Diseases (LBDs, including Septoria tritici blotch -the major leaf blotch disease in Sweden, Stagonospora nodorum blotch and tan spot), powdery mildew, brown rust and yellow rust are effectively controlled by fungicides and fungicide use has therefore been a standard procedure in many countries for decades (Cook and Jenkins, 1988; Wiik, 2009) . In southern Sweden (Scania), fungicides are used by most farmers in winter wheat, especially against LBDs. According to actual official recommendations: 'With present grain prices fungicide input is most often profitable in the southern and central Sweden, but the optimal dose strongly fluctuates due to differences in disease intensity between years. ' (SCB/SJV, 2008; SJV, 2008) .
In their review on the economic basis for protection against plant diseases, Ordish and Dufour (1969) declared the economics of diseases to be a somewhat neglected theme. Some years later Carlson and Main (1976) found economic models of biological systems to be too simple compared with the complex nature of such systems. Since then, the economic importance of plant diseases and the net return from control measures have been estimated now and then, (Cook and King, 1984; Zadoks, 1984; Cook and Jenkins, 1988; Priestley and Bayles, 1988; Cooper and Dobson, 2007; Fabre et al., 2007) . However, in our opinion the subject has still not been studied sufficiently to provide a good base for limitation and optimisation of control measures. Sundell (1980) profitable measure in the controlling of a number of fungal diseases, but he also found a considerable short-term potential for increased use of fungicides and a marked increase in net production costs when the use of pesticides was stopped. In a later evaluation by the Royal Swedish Academy of Agriculture and Forestry, the economic losses caused by total omission of fungicides and a 50% decrease of herbicides in cereals was estimated at 77 € ha -1 (KSLA, 1989) . More specifically, in winter wheat Wiik (1991) found fungicide treatment to be decreasingly profitable at increasing cost levels (calculated in dt grain ha -1 ); 81% at cost level 1 dt ha -1 and 33% at cost level 6 dt ha -1 for 167 field trials in southern Sweden, and 68% and 13% respectively for 96 field trials in central Sweden.
The profitability of fungicide use in field trials carried out during 1983-2007 in southern
Sweden was evaluated in a more thorough economic analysis than usual, supplemented with scenarios with different grain prices and fungicide treatment costs expected to be relevant in future assessments. The aim of the evaluation was to highlight economic considerations in wheat production and to examine the profitability of a single fungicide treatment at GS 45-61 in winter wheat.
plots a single fungicide treatment was applied in growth stages (GS) 45-61, i.e. from boots swollen to beginning of anthesis of a crop stand according to the description of the principal and secondary growth stages (00-99) by Tottman and Broad (1987) . Hectolitre weight (HLW, g/L), grain protein content (%) and Hagberg falling number (s) for untreated and fungicidetreated plots were not used in the evaluation of the data but are considered in the discussion.
The field trials were carried out on farms using different cultivars and agricultural practices, e.g. fertiliser dose. All interventions except fungicide treatment were carried out by farmers.
The field trials, which comprised four replicates, were carried out by staff at the Rural Economy and Agricultural Societies according to a precise protocol that included instructions on choice of field (level surface, representative of the region), choice of fungicides (most used on the market broad spectrum such as morpholines, azoles and strobilurins), timing of treatment (GS 45-61), dose (normal recommended), spraying technique (best available), harvesting etc. During 1983 During -1994 During and 2006 During -2007 (N, see Tables 2, 4 and 5) represents one experimental treatment in a field trial. During 1995-2005 more than one entry or experimental treatment was taken at times from a field trial, e.g. if a single fungicide treatment was tested on more than one cultivar or if there were different nitrogen levels in the same field trial. Mean is usually given as mean of years, but in some cases also as mean of entries (Tables 3 and 6) . Results from the latter period are based on more entries than the earlier period.
Study site
The county of Scania (55°23'-56°25'N, 12°50'-14°31'E) is the southernmost part of Sweden.
Scania is a lowland area with more than 40% arable land bordered by coastline to the south, west and east. In general, slightly more than 25% of the Swedish winter wheat acreage of about 275 000 ha was grown in Scania during 1983-2007 (www.sjv.se, accessed (Wiik, 2009; Wiik and Ewaldz, 2009 ).
Economics
Fungicide treatment distinctly increases the costs of production by more than the obvious cost of the fungicide. The economic model used was: An overview of the net return is also given for the three grain prices and three fungicide treatment cost levels (low, medium and high), i.e. 33 € ha -1 , 67 € ha -1 and 100 € ha -1 , respectively (Table 2a and Table 2b ).
The increase in harvesting costs was fixed at 0.2 € dt -1 , transport costs 0.5 € dt -1 (30 km) and drying costs 1.0 € dt -1 . Phosphorus (3 kg ton -1 grain) and potassium (5 kg ton -1 grain) were removed from the field due to the grain yield increase achieved by the fungicide treatment (Bertilsson et al., 2005) . The resulting financial loss was estimated to be 0.6 € dt -1 (P) and 0.3 € dt -1 (K) at fertiliser prices of 200 € dt -1 and 60 € dt -1 , respectively. In total, the increase in the costs of harvest, transport, drying and losses of P and K was estimated at 2.6 € dt -1 . Grain price and producer price are used synonymously in the following and net return refers to the producer price minus the above-mentioned costs. show the variability (Hawkins, 2005) . Following ANOVA, the Student-Newman-Keuls (SNK-test) and Tukeys multiple range test were used to compare means.
Results

Fungicide treatment and yield increase
A mean yield increase due to a single fungicide treatment at GS 45-61 was achieved each year during the period 1983-2007 ( Figure 1 ). In 13 years out of 25 this mean annual numerical yield increase ranged between 10-19 dt ha -1 and was statistically significant, but in other years the yield increase was very small, 3 dt ha -1 and below, and not statistically significant.
The mean annual standard deviations in yield did not differ greatly between fungicide-treated plots and untreated plots (11.9 and 11.6 respectively) ( Figure 1 ).
Grain price and profitability
The variation in net return in the 771 entries during 1983-2007 was very large. For example, with a grain price of 10 € dt -1 at a low fungicide treatment cost (33 € ha -1 ), the best 10% of entries gave 113-218 € ha -1 and the worst less than -20 € ha -1 (Table 2a) . With the same grain price (10 € dt -1 ) and at three treatment cost levels (low, medium and high), it was profitable to treat 77, 50 and 28% of the 771 entries, respectively, corresponding to a required yield increase of 4.5, 9.1 and 13.6 dt ha -1 , respectively (Table 2b) . Furthermore, at double and triple the grain price, the corresponding fraction of profitable entries obviously increased. The maximum treatment costs (calculated as means of years) while still giving a positive net return increased by a factor of about 2.3 at grain price 20 € dt -1 and a factor of about 3.7 at grain price 30 € dt -1 compared with grain price 10 € dt -1 (Table 3) . (Table 3) .
Differences between years
Net return differed substantially between years. For example, at grain price of 10 € dt -1 the maximum treatment costs while still giving a profitable mean annual net return varied between 18 € ha -1 (1992) and 137 € ha -1 (1987) ( Table 3 Tables or Figures) .
Costs and profitability
Mean annual net return was negative in scenarios 15 and 16 and positive in all other scenarios (Table 4) (Table 5) and no entries at all were profitable in two years, 1992 and 1994. At doubled the grain price (scenarios 21-26) the number of profitable entries was below 50% in 3-9 years out of 25, while at triple the grain price (scenarios 31-36) it was below 50% in at most 4 years out of 25.
Optimal dose
Mean maximum yield increase was achieved by using a mean dose of 0.9 L ha -1 Amistar (e.g. y=-1464x 2 +2658x+13, R 2 =0.98, mean of four doses; y=yield increase, x=dose). However, mean maximum net return was achieved by using a mean dose of 0.55-0.66 L ha -1 Amistar (e.g. y=-923x 2 +1219x+9, R 2 =0.93, mean of four doses; y=mean net return, x=dose). In scenario 12b, when mean optimum dose and estimated yield increase were considered, the mean net return during 1995-2007 was 24 € ha -1 , and of these 13 years three gave a negative mean net return.
Relationships between net return and number of profitable entries
In each scenario, the relationship between the mean annual net returns (Table 4 ) and the mean annual number of profitable entries (Table 5 ) was strong. These relationships showed a good fit, especially at grain price 10 € dt -1 , with a second degree equation, e.g. scenario 11 gave the equation y=-0.01x 2 +1.4x+46.1 (y=no. of profitable entries and x=net return, R 2 =0.94, N=25).
Profitable entries were present even in years with low mean net returns.
Quality factors affecting payment to the farmer
Fungicide treatment resulted in an increase in mean HLW of more than 10 g L -1 in 12 years out of 25, of which six had a statistically significant mean increase of about 20 g L -1 (Table   6 ). Increased HLW as a result of a single fungicide treatment at GS 45-61 positively affected payment to the farmer in 16% of the entries, i.e. when HLW exceeded 740 g L -1 . In three years (1987, 2002 and 2007) 
Discussion
Doubling and tripling the grain price was the most important factor for the outcome of the net return in our calculations, especially compared with the relatively low impact of costs of fungicide application, crop harvest, transport, drying and loss of plant nutrients (P and K).
After grain price, the cost of fungicide had the next largest impact on the net return. We consider the grain prices and costs chosen in the different scenarios to be relevant for future assessments of the profitability of fungicide input, e.g. the grain price was about 10 € dt The mean net return was 12 € ha -1 during the 25 years of this study. This is not a conclusive result, and in several years the mean net return was negative and less than 50% of the entries were profitable to treat. However, changes occur over time that has an impact on the outcome.
The mean yield increase during 1983-1994 was 660 kg ha -1 compared with 970 kg ha -1 for 1995-2005, a difference probably explained by the change from azole to strobilurin fungicides (Bayles, 1999; Wiik, 2009) Similarly, a reduction in the dose of Amistar from 1.0 L ha -1 and 0.5 L ha -1 resulted in only 19% less yield increase, and the efficacy against LBDs, brown rust, yellow rust and mildew was 85, 100, 97 and 102%, respectively (Wiik, unpublished) . With these and other results in mind it is not surprising that reduced doses are being considered in plant protection (Milne et al., 2007; Bürger et al., 2008) . By using an optimum dose of Amistar (0.66 L ha -1 ) compared with a recommended standard dose (0.8 L ha Scenario 25 may describe a most likely possible future, a scenario with double the producer price compared with scenarios 10-16 and a 52% increase in the costs owing to fungicide use compared with our past and present time scenario 12a. The mean net return of this scenario during all 25 years was 65 € ha -1 . However, divided into the earlier and later periods mentioned previously, both the net return and the percentage of profitable entries were higher in the later period than in the earlier period, i.e. 86 € ha -1 compared with 43 € ha -1 and 78% compared with 58%, respectively. In another scenario, scenario 16, with the same low grain price as in the past and present time scenario 12a but with a 60% increase in the cost of fungicide use, the mean net return during the 25 years of study was negative (a loss of 16 € ha -1 ) and only 30% of the entries were profitable to treat with a fungicide. (Wiik, 1991) . On the other hand, part of the total accumulated profit of 328 € ha -1 to 198 € ha -1 (scenarios 11-13) in southern Sweden during 1995-2007 would be somewhat at risk unless entirely reliable decision support systems are available. Accordingly, thorough economic analyses and probabilities must be allowed to play a vital part in decision support systems (Headley and Lewis, 1967; Rossing et al., 1994; Fabre et al., 2007) . No true decision support system is in use for LBDs in Sweden.
Although existing recommendations take account of precipitation, infection pressure, fungicide, fungicide dose, soil type and cultivar, fungicides against LBDs are used almost routinely in southern Sweden (SJV, 2008) .
In this study, grain type (bread, starch or feed), HLW, protein content and Hagberg falling number and some other factors upon which producer price were not used in the economic calculations because they have not been routinely recorded. Whether the farmer aimed at bread or feed grain is not unimportant, but the producer price difference was only about 7%
higher improved kernel protein content from 9.9 to 10.8 and 11.7 %, respectively (Wiik and Pålsson, 2004) . In the present study, which did not permit direct comparisons between nitrogen levels, the range of nitrogen fertilisation was 84-230 kg N ha -1 . The protein content in our study changed due to amount of nitrogen fertilisation, as in the study by Wiik and Pålsson (2004) , with the yield increase due to a single fungicide treatment being statistically significant between nitrogen levels at high amounts of nitrogen fertilization (>180 kg N ha -1 ). About 20% of the field trials in our study were fertilised with more than 180 kg N ha -1 and thus nitrogen fertilisation will influence the net return, but we omitted the most likely influence of nitrogen from the present economic analysis. , 1967) . The economics of pesticide usage are complex and influenced by market prices and involvement from the authorities (Zilberman et al., 1991; Serra et al., 2005) . Taxes on pesticides instead of bans may better fulfil environmental goals (Zilberman et al., 1991) and reduced price support or a decreased producer price will impede the use of pesticides (Serra et al., 2005) . Regev et al. (1997) showed that fungicides were not risk-reducing at low levels of rainfall and we found no evidence of lower crop variability in fungicide-treated plots than in untreated plots. Subsequently, fungicides did not increase cropping reliability, a fact that is also noteworthy in an economic perspective. In the different scenarios we indirectly showed the effect of market change through the different grain prices selected, and the effects of taxes on pesticides and fuel through the different costs of production. Changes are difficult to predict but scenarios like ours based on real facts are valuable as a baseline for future discussions and recommendations.
The profitability to farmers of using a single fungicide treatment in winter wheat in southernmost Sweden during 1983-2007 was found to be doubtful rather often, although it improved during the latter part of the study due to more effective fungicides becoming available. Producer price and different costs obviously influenced the farm profits.
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